Transplantation of neural progenitor cells (NPC) is a promising therapeutic strategy for replacing neurons lost after spinal cord injury, but significant challenges remain regarding neuronal integration and functional connectivity. Here we tested the ability of graft-derived neurons to reestablish connectivity by forming neuronal relays between injured dorsal column (DC) sensory axons and the denervated dorsal column nuclei (DCN). A mixed population of neuronal and glial restricted precursors (NRP/GRP) derived from the embryonic spinal cord of alkaline phosphatase (AP) transgenic rats were grafted acutely into a DC lesion at C1. One week later, BDNF-expressing lentivirus was injected into the DCN to guide graft axons to the intended target. Six weeks later, we observed anterogradely traced sensory axons regenerating into the graft and robust growth of graft-derived AP-positive axons along the neurotrophin gradient into the DCN. Immunoelectron microscopy revealed excitatory synaptic connections between regenerating host axons and graft-derived neurons at C1 as well as between graft axons and DCN neurons in the brainstem. Functional analysis by stimulus-evoked c-Fos expression and electrophysiological recording showed that host axons formed active synapses with graft neurons at the injury site with the signal propagating by graft axons to the DCN. We observed reproducible electrophysiological activity at the DCN with a temporal delay predicted by our relay model. These findings provide the first evidence for the ability of NPC to form a neuronal relay by extending active axons across the injured spinal cord to the intended target establishing a critical step for neural repair with stem cells.
Introduction
Spinal cord injury (SCI) is characterized by cell death and loss of connectivity with permanent functional deficits. Repair strategies are designed to restore neuronal connectivity by promoting regeneration and plasticity or through cell replacement (Eftekharpour et al., 2008; Verma et al., 2008) . Regeneration of axons in the spinal cord, however, is limited by the intrinsic properties of adult CNS neurons and by a postinjury environment inhibitory to axon growth (Cafferty et al., 2008) . Consequently, functional regeneration remains challenging despite progress in the characterization of inhibitory molecules and the molecular mechanisms of regeneration (Selzer, 2003) . In contrast to regeneration, there is remarkable endogenous plasticity associated with incomplete SCI. Descending corticospinal neurons can form novel circuits with intact propriospinal neurons (Bareyre et al., 2004) , and the propriospinal neurons, in turn, serve as a neuronal relay to restore functional connectivity between injured upper motor neurons and intact lower motor neurons (Courtine et al., 2008) . A variety of strategies to enhance axon growth have been developed, including digestion of the glial scar (Massey et al., 2006) , peripheral nerve grafts (Tom and Houlé, 2008) , neurotrophin administration (Cao et al., 2005; Chen et al., 2008; Sasaki et al., 2009) , as well as combination treatments. For example, combined cell transplant, neurotrophin gradient, and conditioning lesion elicits axonal bridging of injured dorsal column sensory axons but fails to restore synaptic activity across the lesion (Alto et al., 2009 ). These studies demonstrate the need to modulate both extrinsic environment and intrinsic capacity of injured neurons to regenerate but underscore the difficulties of regaining functional connectivity even when synaptic structure is restored.
We propose an alternative approach to SCI repair that uses a mix of neuronal and glial restricted progenitors (NRP and GRP, respectively) derived from the embryonic spinal cord as a source of developmentally competent neurons (Fischer et al., 2006) to create a novel neuronal relay. We have shown previously that NRP/GRP grafts generate neurons in the injured spinal cord (Lepore and Fischer, 2005) , and these neurons have the intrinsic capacity to overcome chondroitin sulfate proteoglycans (See et al., 2010) . Additionally, we have demonstrated that a gradient of brain-derived neurotrophic factor (BDNF) induces guided axon extension from NRP/GRP grafts in the injured spinal cord , similar to the role of BDNF in neuronal polarization (Mai et al., 2009 ), axon guidance (Yao et al., 2006) , and synaptogenesis (Causing et al., 1997) during development. In the current report, NRP/GRP expressing the human placental alkaline phosphatase (AP) transgenic marker were transplanted into a C1 dorsal columns injury, and NRP axons were guided to the dorsal column nucleus (DCN) with a BDNF gradient. We used immunocytochemistry at light and electron microscope (EM) levels to demonstrate that NRP-derived neurons are capable of establishing afferent and efferent synaptic connections with the injured host at the site of injury and the DCN and used c-Fos expression and electrophysiological analysis to test synaptic activity. Our results demonstrate the ability of NPC to form a neuronal relay across the injured spinal cord and provide the framework for restoring connectivity.
Materials and Methods

Animal subjects and experimental design
Adult (250 -300 g) female Sprague Dawley rats (n ϭ 31) received a dorsal column lesion at C1 ( Fig. 1 ) and an acute transplant of ϳ5 ϫ 10 5 NRP/GRP suspended in 2.5 l of the collagen matrix Purecol (Advanced BioMatrix). NRP/GRP were harvested from animals carrying the human placental AP transgene as verified by PCR. All animals were given daily subcutaneous injections of cyclosporin A (10 mg/kg; Novartis) beginning 3 d before transplant and/or injury and continuing for the entire study. BDNF-green fluorescent protein (GFP) or GFP lentiviral vector was injected into the dorsal column nuclei 7 d after injury and cell transplantation. Animals were divided into groups based on vector type and planned analysis as follows: GFP lentivirus for light microscopy (n ϭ 3), BDNF-GFP lentivirus for light microscopy (n ϭ 9), BDNF-GFP lentivirus for electron microscopy (n ϭ 6), control animals with no vector for c-Fos expression (n ϭ 3), BDNF-GFP lentivirus for c-Fos expression (n ϭ 2), and BDNF-GFP lentivirus for electrophysiology (n ϭ 3). Control animals with no vector or transplant for electrophysiology (intact, n ϭ 4; injured control, n ϭ 1).
Harvest and culture of NRP/GRP
NRP/GRP were harvested from embryonic day 13.5 spinal cord of Fischer 344 rats expressing the AP transgene. Timed-pregnant females were killed at embryonic day 13.5, and the embryos were placed in DMEM/F-12 (Invitrogen). Meninges were removed from the spinal cords after incubation in collagenase I (10 mg/ml)/Dispase II (20 ng/ml) in HBSS for 9 min at room temperature. Cords then were treated with trypsin (0.5%)/EDTA for 20 min at 37°C. Cells were plated on poly-Llysine and laminin in NRP complete medium [DMEM/F-12, BSA (1 mg/ml), B27, basic fibroblast growth factor (10 g/ml), penicillin-streptomycin (100 IU/ml), N2 (10 l/ml), and neurotrophin-3 (10 g/ml)]. Medium was changed every 2 d.
Preparation of NRP/GRP for transplantation
NRP/GRP were cultured for 5-6 d before grafting. On the morning of transplantation, cells were dissociated from the culture dish with 0.05% trypsin-EDTA, and viability was assessed using trypan blue. Cells were suspended at 200,000 cells/l in a bovine collagen-based grafting medium containing 50% Purecol and 50% NRP Basal Medium, pH 7.5. Cells were Ն90% viable based on trypan blue staining and were used within 5 h of suspension in grafting medium.
Surgical procedures
Sprague Dawley rats were anesthetized by intraperitoneal injection of a XAK mixture of xylazine (10 mg/kg; J. A. Webster), acepromazine maleate (0.7 mg/kg; J. A. Webster), and ketamine (95 mg/kg; J. A. Webster). Bupranorphin (J. A. Webster) was used for pain relief every 12 h for 3 d and then as needed for the remainder of the study. All animals were cared for in accordance with the guidelines established by National Institutes of Health and the Drexel University College of Medicine Institutional Animal Care and Use Committee.
Dorsal column injury and cell transplantation. A laminectomy was performed at C1 to expose the spinal cord. The dura was cut along the rostrocaudal axis above the dorsal column. A 30 gauge needle was used to make a complete injury in the right dorsal columns, severing the tract, and a small piece of the dorsal columns was excised using light suction. Although the entire right dorsal column was severed, the left dorsal column was only partially damaged. Sutures (9-0) were placed in the dura on both sides of the lesion but not tightened. After achieving hemostasis of the spinal cord lesion, ϳ2-3 l of cell suspension was injected directly into the cavity, and the dura sutures were quickly tightened to maintain the cell suspension within the lesion site. The muscle was then sutured and the skin stapled.
Vector injection. One week after injury and cell grafting, the animals were injected with BDNF-GFP or GFP vector. Animals were placed in a stereotaxic device with the heads tilted down 45°. A small craniotomy exposed the right DCN, and a 30 gauge needle was used to open the dura. A 10 l Hamilton syringe was fitted with a glass pipette with an external diameter between 70 and 100 l and used to inject 1.25 l of vector at 2 depths (1.0 and 0.5 mm) in the intact parenchyma of the dorsal column nuclei. The incision was closed and the animals cared for as stated previously. The pLV vector was modified to express GFP or huBDNF-IRES-GFP (Blesch, 2004; Kwon et al., 2007) . Vector preparations contained 114 g/ml p24, 8 ϫ 10e8 TU/ml for BDNF and 150 g/ml p24, 9 ϫ 10e8 TU/ml for GFP.
Cholera toxin subunit ␤ labeling. Dorsal column axons were anterogradely labeled with cholera toxin subunit ␤ (CT␤) (List Biological Laboratories) 3 d before the animals were killed. An incision was made parallel to the femur to expose the sciatic nerve, and 2 l of CT␤ (1% in distilled water) was injected into the intact sciatic nerve using a 10 l Hamilton syringe fitted with a 30 gauge needle. The incision was closed and the procedure was repeated on the contralateral sciatic nerve. Animals were treated after surgery as stated previously.
Fluoro-Gold labeling. Fluoro-Gold (Fluorochrome) was injected bilaterally into the ventroposterolateral (VPL) thalamus to label DCN neurons in a subset of animals (n ϭ 3). Animals were placed in a stereotaxic apparatus, and 0.5 l of the Fluoro-Gold solution (2% in distilled water) was injected at three sites per hemisphere. Coordinates were as follows: Ϫ0.23 mm rostrocaudal, Ϯ0.30 mm mediolateral, and 0.55 mm dorsoventral; Ϫ0.30 mm rostrocaudal, Ϯ0.32 mm mediolateral, and 0.55 mm dorsoventral; and Ϫ0.36 mm rostrocaudal, Ϯ0.34 mm mediolateral, and 0.55 mm dorsoventral.
Immediate early gene c-Fos expression. The ipsilateral sciatic nerve was stimulated to induce c-Fos expression in both the graft (monosynaptic) Figure 1 . Experimental design. On day 1, a C1 dorsal columns injury was made and a mixed culture of neuronal and glial restricted precursors (NRP/GRP) were grafted acutely into the lesion cavity (AP ϩ graft represented in brown). On day 7, BDNF-GFP lentivirus was injected into the DCN to create a gradient (represented in green) of BDNF from the DCN to C1. On day 39 (3 d before the animals were killed), CT␤ was injected into the right and left sciatic nerves to anterogradely label regenerating sensory axons (represented in red). Also on day 39, Fluoro-Gold (FG) was injected into the VPL thalamus to retrogradely label dorsal column neurons (represented in blue). Synaptic connections between the graft and host at the injury and DCN were analyzed by light and electron microscopy immunochemistry.
and in the DCN (disynaptic). We examined the monosynaptic responses using 0.1 ms duration, 2 mA amplitude biphasic pulses applied to the sciatic nerve for 1 h at a 10 Hz frequency and examined the disynaptic response using a 100 Hz, 300 ms train of 1 mA biphasic pulses (0.1 ms duration) applied once per second for 1 h. The latter was used to improve summation and increasing firing of graft neurons. Animals were killed 1 h after termination of the nerve stimulation regimen.
Tissue collection
Light microscopy. Animals used for histology were killed 6 weeks after injury/cell transplant with an overdose of euthosol (J. A. Webster) and then transcardially perfused with 50 -100 ml of ice-cold 0.9% saline and 500 ml of ice-cold 4% paraformaldehyde in phosphate buffer. The spinal cord and brainstem were removed and placed in 4% paraformaldehyde for 24 h, followed by cryoprotection in 30% sucrose/0.1 M phosphate buffer at 4°C for at least 3 d. Spinal cords were embedded in M1 embedding matrix (Thermo Fisher Scientific) and cut sagitally in 20 m sections. Tissue was collected on glass slides coated with poly-L-lysine and gelatin. Slides were stored at 4°C.
Electron microscopy. Animals were killed with an overdose of euthosol (J. A. Webster) and then transcardially perfused with 500 ml of ice-cold 0.2% glutaraldehyde/4% paraformaldehyde in phosphate buffer. The spinal cord and brainstem were removed and postfixed in the same solution for 4 h before being transferred to 0.1 M phosphate buffer at 4°C for storage.
Alkaline phosphatase histochemistry
Alkaline phosphatase histochemistry was used to visualize transplants and examine process extension. Serial sections (each ϳ120 m apart) were washed three times in PBS and then placed in 60°C PBS for 1 h to inactivate endogenous phosphatase activity. Sections were then washed in alkaline phosphatase buffer (in mM: 100 Tris, pH 9.5, 50 MgCl 2 , and 100 NaCl), followed by staining in the dark for 2 h with AP staining solution [1.0 mg/ml nitroblue-tetrazolium-chloride (Sigma), 5 mM Levamisole (Sigma), and 0.1 mg/ml 5-bromo-4-chlor-indolyl-phosphate (Sigma) in AP buffer]. All steps were at room temperature unless otherwise noted. Slides were coverslipped with Vectashield (Vector Laboratories). Slides were viewed using Leica DMBRE microscope running Slidebook imaging software (3i Inc.).
Immunohistochemistry
Slide-mounted tissue sections were treated for 5 min in 0.2% Triton X-100/PBS, washed three times in PBS for 5 min, and then blocked in 10% goat serum/PBS for 1 h at room temperature. Sections were incubated with primary antibodies [mouse (Ms) ϫ neuronal-specific nuclear protein (NeuN), 1:100 (Millipore); rabbit (Rb) ϫ AP, 1:200 (Serotec); goat (Gt) ϫ cholera toxin, 1:2000 (List Biological Laboratories); guinea pig (GP) ϫ Synaptophysin1 (Synaptic Systems); Rb ϫ c-Fos, 1:500 (AbCam); Rb ϫ TrkB 1:500] overnight at room temperature in 2% serum/ PBS. Sections were then washed three times in PBS to remove unbound primary antibody. Sections were incubated with secondary antibodies [Gt ϫ Rb FITC, Gt ϫ Ms FITC, Gt ϫ GP rhodamine, donkey (Dk) ϫ Gt rhodamine, and Dk ϫ Rb FITC (Jackson ImmunoResearch)] for 2 h, washed three more times in PBS, and coverslipped with Vectashield (Vector Laboratories). Slides were viewed using a Leica DM5500B microscope with Slidebook (3i Inc.) and DP controller (Olympus) or a Carl Zeiss Axioplan microscope with StereoInvestigator software (MicroBrightField).
Preembedded immunoelectron microscopy
The DCN and C1 spinal cord were sectioned sagitally (50 m) on a vibratome in a bath of ice-cold PBS. To examine the synaptic relationships formed between AP-expressing (AP ϩ ) and host cells, avidin-biotin (ABC; Vector Laboratories) immunohistochemistry was performed using Rb ϫ AP (1:100, AbD Serotec) and biotinylated ϫ Rb (1:200; Vector Laboratories) IgGs visualized with 3,3Ј-diaminobenzidine tetrahydrochloride (DAB) (Fast DAB kit; Sigma). The chromagen reaction in some cases was enhanced by addition of nickel ammonium sulfate. In addition to the anti-AP IgG, some sections were colabeled with a mixture of GP ϫ vesicular glutamate transporter 1 (VGlut1) (1:10,000; Millipore Bioscience Research Reagents) and GP ϫ vesicular glutamate transporter 2 (VGlut2) (1:2500; Millipore Bioscience Research Reagents). Incubation with the VGlut1 and VGlut2 antisera was followed by exposure to mouse IgG conjugated to 12 nm gold particles (1:200; Jackson ImmunoResearch). The sections were postfixed in 2% OSO 4 in 0.05 M PBS for 30 min, rinsed 5ϫ with the same buffer, and then en bloc stained in 5% uranyl acetate in H 2 0 for 10 min. This was followed by five washes with 5 M sodium maleate buffer and dehydration in 5 min sequential incubations in an ascending ethanol series to propylene oxide. The tissue was embedded in Epon-Araldite between SuperFrost glass slides pretreated with a liquid mold-release agent. Desired regions from the embedded spinal cord segments were mounted onto Epon-Araldite beam capsules, and 80 nm sections were cut on a Reichart ultramicrotome and collected onto 200 copper mesh grids. The tissue was examined and images digitally recorded on a Jeol 1200EX Transmission Electron Microscope.
Analysis of NRP/GRP grafts: quantitative analyses
Graft volume, axon extension, AP ϩ /NeuN ϩ cells, and AP ϩ /c-Fos ϩ cells were quantified using StereoInvestigator software, albeit with nonstereological methods. All quantification was performed on every sixth section. Comparisons were made using t tests for volume and AP ϩ /NeuN ϩ cells, ANOVA with Tukey's post hoc for axon quantification, or 2 test for average c-Fos ϩ /NeuN ϩ cells. Graft area was quantified using the Cavalieri method of volume estimation with a 100 ϫ 100 m grid. Coefficient of error for all Cavalieri method analyses (Gunderson m ϭ 1) was Ͻ0.025. Axons were quantified on the same grid if they intersected the dorsoventral gridline closest to the region of interest [rostral dorsal columns (RDC) or DCN], were at least 100 m in length, and were not associated with a cell soma. The RDC region was defined as the area of the dorsal columns ϳ0.5 mm rostral to the lesion site, and the DCN was defined by anatomy and NeuN staining. Axons were counted in the RDC and in the approximate center of the most caudal dorsal column nuclei (gracilis is caudal in the medial brainstem and cuneate is caudal in the lateral). AP ϩ /NeuN ϩ cells were counted in three animals per treatment group. Figures are presented as averages Ϯ SEM for all analyses except AP ϩ /c-Fos ϩ , which is presented as average Ϯ SD.
Electrophysiological analysis
Extracellular recordings were made in the ipsilateral gracilis nucleus (DCN) in three groups of animals: intact control (control, n ϭ 4), Purcol matrix only (injury, n ϭ 1), and grafted animals with a neurotrophin gradient (gradient, n ϭ 3). A 16-channel electrode (a 4 ϫ 4, 3-mm 100-125-177; Neuronexus Technologies) with four sites on each of four shanks, producing a rectangular recording region with a height of 400 m and width of 500 m, was inserted into the DCN with the sites covering the 600 -200 m depth range. Once the electrode was inserted at a given recording site, a train of 100 single stimulus pulse of 1 mA amplitude (100 s duration, biphasic) at 1 Hz was applied to the sciatic nerve, and recordings were made on all channels simultaneously using a TDT RZ2 system (Tucker-Davis Technologies). Signals were filtered for multiunit activity (300 -4000 Hz, second-order Butterworth bandpass) during recording and then time-reverse filtered in MATLAB (MathWorks) to remove frequency-dependent phase delay. To confirm correct placement of the electrodes, a positive response to stroking or pinching of the ipsilateral hindlimb on some of the channels and null response to stroking or pinching of ipsilateral forelimb pinch and contralateral hindlimb on all of the channels sampled was obtained in all control animals. We also attempted the same procedure in graft and gradient animals; positive response to contact of the ipsilateral hindlimb was not always obtained, but we confirmed that the sites recorded did not respond to pinching or stroking of the other limbs. For each channel, the 100 responses to individual stimulus pulses were aligned to the peak of the stimulus artifacts and averaged to form the peristimulus average response for that channel. Background noise level was calculated as the root mean square (RMS) value of the signal over a 3 ms prestimulus window (4 ms to 1 ms prestimulus). Furthermore, the peristimulus average was divided into 0.5 ms windows, and the RMS value of the signal in each window was calculated to obtain the windowed RMS of the response. If the value of that signal after stimulus did not exceed twice the background noise level, that channel was determined to be nonrespon-sive and not further analyzed. The latency of the response for each channel was then measured as the time between the onset of stimulus to the point at which the magnitudes of both the peristimulus averaged signal and the windowed RMS of the response exceeded twice the background level. The process was repeated for every channel individually, and the latencies for each set of animals were grouped together. Welch's t test for unpaired data with nonmatching variance was used to assess the statistical significance of the difference in the latency of the DCN responses to stimulation of the sciatic nerve between the groups.
Results
Graft-derived neurons extend axons to the DCN along a BDNF gradient
We acutely grafted NRP/GRP derived from AP transgenic rats into a C1 dorsal columns lesion to test the ability of graft-derived neurons to integrate and extend axons from the injury site to a target in the brainstem. One week after the grafting, we injected GFP lentivirus or BDNF-GFP lentivirus into the DCN (Fig. 1) . Six weeks later, AP histology showed that the grafted cells survived and filled the injury site but did not extend long processes in response to control GFP lentivirus (Fig. 2 A) . In contrast, injection of BDNF-GFP lentivirus into the DCN resulted in robust axon growth by graft neurons from the lesion site into the DCN (Fig. 2 B, C) . Graft axons primarily grew rostrally along the white matter tracts, although some axons were also observed extending caudally from the graft (Fig. 2 B) . We have reported previously that injection of BDNF-GFP lentivirus into the DCN creates a gradient of BDNF from the DCN to C1 within 2 weeks of infection as verified by BDNF ELISA and GFP immunohistochemistry ). In the current report, we observed a similar pattern of GFP expression after injection of BDNF-GFP lentivirus into the DCN (Fig. 2 D) . Dense AP ϩ axons (Fig. 2C ) were observed growing along the dorsal columns and entering the DCN in the same region that showed GFP expression, indicating a close relationship between graft axon growth and host cells infected by the BDNF-GFP lentivirus. Graft axons were primarily oriented longitudinally in the dorsal columns, and only few axons were observed growing into the ventral gray matter.
We quantified the effects of the BDNF gradient on several properties of the NRP/GRP graft. The presence of the gradient was associated with an overall expansion of the area occupied by graft-derived cells from 0.59 Ϯ 0.1 mm 3 in the control group to 1.39 Ϯ 0.1 mm 3 in the BDNF group (t test, p Ͻ 0.05), indicating an increase in cell number and/or migration. We observed an 3ϫ 
Graft axons innervate the DCN
We next combined AP histology and NeuN immunofluorescence on the same sections to assess the relationship between graft axons and host neurons in the DCN. This combination exploited the highresolution and contrast of AP histology relative to immunofluorescence to identify graft-derived axons. AP ϩ axons from graft neurons (Fig. 3A) grew along the dorsal columns (Fig. 3B ) and were distributed throughout areas of dense NeuN staining (Fig. 3C,D) in the DCN. In a subset of animals, we compared retrograde labeling of DCN neurons, using Fluoro-Gold (Fig. 3E,G) with the NeuN staining (Fig. 3F,G) , and observed a cluster of double- labeled neurons, which confirmed that graft axons had indeed reached the DCN.
We further examined the DCN of animals in the BDNF group for evidence of synaptic connections between graft axons and host neurons. Using high-magnification optical serial Z-sections, we observed individual cell bodies of DCN neurons surrounded by numerous AP ϩ synaptic structures in which bouton-like terminals were juxtaposed to host cell bodies (Fig. 4A) , suggesting multiple presynaptic connections. Similarly, we observed punctate synaptophysin expression in AP ϩ axons (Fig.  4 B, C,E ) in apparent contact with retrogradely Fluoro-Gold-labeled neurons (Fig.  4 D, E) . High magnification revealed an AP ϩ axon with multiple synaptophysin ϩ puncta apposed to a Fluoro-Gold-labeled neuron (Fig. 4E, inset) , again indicating that graft axons established synaptic connections with host neurons. Next, we assessed the efferent connectivity and synapse formation of graftderived neurons with targets in the DCN using the classical structural definition of a synapse, which requires clustering of vesicles in the presynaptic element and a postsynaptic density (PSD) (Peters et al., 1970) . Immuno-EM analysis revealed frequent synaptic contacts between AP ϩ terminals and host neurons (AP Ϫ ) in the BDNF group. Typically, single AP ϩ synaptic boutons were seen apposed to host dendrites (Fig. 5 A, B,D) , but examples of multiple AP ϩ boutons contacting a single host dendrite were also observed (Fig.  5C ). Prominent PSDs were often seen in the host dendrite (Fig. 5 A, B,D, arrows) , suggesting these were excitatory axodendritic synapses of the type normally observed in the DCN. However, we occasionally observed AP ϩ synaptic boutons without a clear PSD (Fig. 5C ). This may be the result of a PSD that is outside the 80-nm-thick EM section or may indicate symmetrical, inhibitory synapses or immature synapses. Aside from the presence of a PSD, dendrites were also identified by the orderly arranged microtubules, paucity of organelles other than mitochondria and lack of neurofilaments (Peters et al., 1970) .
Graft axons may also connect with unintended targets
Although the majority of graft axons were directed to the DCN, we also observed some AP ϩ axons growing into an unintended target, the caudal spinal trigeminal nucleus (SN5). However, we have only documented a single case in which the majority of the axons grew through the SN5 and not the DCN target (Fig. 6 A-C) . We carefully examined these errant axons to determine whether graft neurons could also, in general, connect with intact nuclei, which are not the designated target. Specifically, we used immuno-EM to evaluate the nature of the connectivity between graft axons and host neurons in the SN5. Using a dual-label approach to identify graft-derived AP ϩ axons with DAB and glutamatergic synapses expressing VGlut1 and VGlut2 with gold particles, we observed axo-dendritic synapses between graft-derived terminals (Fig. 6 D, F, asterisks) and host dendrites in the SN5 (Fig. 6 D-G) , with synaptic vesicles immunopositive for VGlut1 and VGlut2 (Fig. 6 E, arrowheads) . The presence of the glutamate transporter together with a prominent postsynaptic density (Fig. 6 E, G, arrows) identifies the synapses as excitatory. These findings indicate that a BDNF gradient will induce and guide axon growth and also demonstrate that a single, attractive gradient may not always be sufficient to guarantee complete specificity in axon guidance. Adding repulsive cues may improve navigation to the designated target as demonstrated previously with transplanted neurons that followed NGF cues along the midline of the corpus callosum, turning in response to the repulsive signaling molecule semaphorin3a (Ziemba et al., 2008) .
NRP/GRP support host axon regeneration and formation of synapses with graft neurons
CT␤ was injected bilaterally into the sciatic nerves 3 d before the animals were killed to label regenerating sensory afferents. In the GFP (control) group, we found that the NRP/GRP graft ( Fig.  7 A, C) supported the regeneration of CT␤-labeled axons (Fig.  7B ) into but not beyond the graft (Fig. 7C) . We observed similar regeneration in the BDNF group (Fig. 7D ) with CT␤-labeled axons (Fig. 7E ) present throughout but not rostral to the graft (Fig. 7F ) . These results indicate that the NRP/GRP graft alone can support limited regeneration of injured host axons.
Using immuno-EM, we then documented synaptic connections between graft-derived AP ϩ dendrites and host axons at the injury site (Fig. 8) . For example, a single AP ϩ dendrite (Fig. 8 A,  asterisk) is shown surrounded by four host (APϪ) synaptic boutons. Two of these boutons are shown at higher magnification (Fig. 8C,D) to highlight the synaptic vesicles and PSDs (Fig. 8C,D,  arrows) . Another AP ϩ dendrite (Fig. 8 B) is contacted by an AP Ϫ host axon (Fig. 8 B, labeled E) and an AP ϩ graft axon (Fig. 8 B, labeled F) . High magnification of the AP Ϫ synaptic bouton (Fig. 8 E) shows synaptic vesicles docked at the membrane together with a welldefined PSD (Fig. 8 E, arrows) . The observation of intragraft connectivity in addition to host-graft connectivity indicates the robust ability of graft neurons to form both presynaptic and postsynaptic elements in the injured spinal cord.
NRP/GRP grafts express c-Fos in response to sciatic nerve stimulation
The rapid and transitory expression of c-Fos has been widely used for the identification of neurons that respond to an acute stimulus (Cohen and Greenberg, 2008) , including spinal cord neurons that respond to sensory stimulation (Hunt et al., 1987) . We therefore used c-Fos expression to examine connectivity between regenerating dorsal column axons and graft neurons in animals with an NRP/ GRP graft in a C1 lesion without BDNF treatment (n ϭ 3). Six weeks after injury and transplantation, the ipsilateral sciatic nerve was stimulated for 1 h using a hook electrode. Animals were killed 1 h later and evaluated by immunofluorescence for c-Fos expression. In the unstimulated (control) group, we found only few graft cells that expressed c-Fos (Fig. 9A-C) in their nuclei. In contrast, the stimulated group showed robust expression of c-Fos (Fig. 9D-F ) in many more cells, demonstrating a direct effect of sensory axon stimulation on NRP/GRP grafts. Expression of c-Fos in neurons requires repeated firing of action potentials. In turn, glutamatergic synapses require astrocytes to recycle extracellular glutamate to maintain high firing rates. AP ϩ graft cells (G, I ) expressed the astrocytic glutamate transporter GLT-1 (H, I ), a critical element of glutamatergic synapses. Double staining of NeuN (Fig. 10 A, C) and c-Fos (Fig.  10 B, C) in the graft site showed that, whereas in the unstimulated group only 9.3 Ϯ 2.1% of the NeuN ϩ neurons expressed c-Fos (Fig. 10 D) , almost half of graft neurons (48.5 Ϯ 4.7%) (Fig. 10 D) expressed c-Fos after sciatic nerve stimulation a significant increase over unstimulated grafts ( p Ͻ 0.01), demonstrating connectivity between sensory axons and graft neurons.
We used a similar paradigm to analyze c-Fos expression in DCN neurons in animals that received a combination treatment of acute NRP/GRP graft and delayed BDNF gradient (n ϭ 2). We only found few examples of cells that were NeuN ϩ /c-Fos ϩ (Fig. 10 E-G) . These cells were found adjacent to AP ϩ processes (Fig. 10 H) .
NRP/GRP receive and relay sensory information to the DCN
To functionally test the NRP/GRP relay, extracellular recordings were made in the DCN ipsilateral to the stimulated sciatic nerve. Using a 16-channel electrode, we sampled a total of 64 sites in four intact control animals and 48 sites in three BDNF gradient animals with all the channels being responsive. Completeness of the dorsal column lesion was confirmed histologically for the three BDNF gradient animals (data not shown). A representative peristimulus averaged signal from a BDNF gradient animal (dot- Figure 7 . Host axons regenerate into NRP/GRP grafts. Three days before the animals were killed, CT␤ was injected bilaterally into the sciatic nerves to anterogradely label regenerating axons. Traced neurons regenerated (B, E) throughout AP ϩ graft region (A, D) in both the GFP group (A-C) and BDNF group (A-F ). However, CT␤-labeled axons were not observed to transverse the grafting site and reenter the intact host parenchyma rostral to the injury. Scale bar, 100 m.
ted line) along with the windowed RMS response (heavy weight line) is shown in (Fig. 11 A) . Response latency was calculated as the time difference between onset of stimulus artifact and the time at which the magnitude of both the signal and signal RMS are greater than twice the background level (Fig. 11 A) . The windowed RMS value of the responses in the control and BDNF groups were averaged and shown with 95% confidence intervals (Fig. 11 B) . Our data show that the response to stimulation of the sciatic nerve measured in the DCN is reduced and delayed in the BDNF group compared with the intact controls. When the latencies of individual channels were compared, the average latency of the DCN response to sciatic nerve stimulation was 3.98 Ϯ 0.63 ms in control animals (64 channels responsive over 64 sites sampled) and 5.23 Ϯ 0.32 ms in the BDNF group (48 channels over 48 sites sampled) (Fig. 11C) . When we sampled 32 sites in one injured animal with no NRP/GRP graft, we found that 31 sites showed no response and the one responsive channel displayed latency of an intact fiber (data not shown). The difference in latencies between control and BDNF groups (1.25 ms) was statistically significant ( p Ͻ 0.01, Welch's t test). The latency in control animals (3.98 ms) was similar to published data that reported a latency of ϳ3.8 ms for responses in the dorsal columns just caudal to the nucleus (McComas, 1963) but suggest that our extracellular recordings were from axons entering the DCN because a latency of ϳ4.8 ms was reported for responses from single cells postsynaptic response in the gracilis nucleus (McComas, 1963) . Together, these data suggest that the latency we measured in control animals is a result of the compound action potential of fibers entering the gracilis nucleus and that ϳ0.9 ms of the 1.25 ms delay in latency that we observed in the BDNF group is the result of the synaptic delay (Wayner and Emmers, 1958) between the sensory axons and graft neurons. The remaining delay can be accounted for by the axonal conduction of the graft axons entering the DCN. In addition, a number of sites in the DCN were responsive to light pinching or stroking of the animal's ipsilateral hindpaw in the gradient animal as shown in Figure 11 E but not to stroking or pinching of the contralateral hindlimb or ipsilateral forelimb, supporting the conclusion that dorsal columns axons made functional synapses with graft neurons whose axons projected to the DCN. We tested the presence of a response to stimulation recruiting primarily larger sciatic nerve axons [stimulus intensity below 2ϫ the motor threshold (MT)] in a number of animals. We used a stimulus of 1.2ϫ MT to recruit only the largest myelinated dorsal column sensory axons, a 1 mA stimulus to recruit all fibers, and 2ϫ MT as an intermediate stimulus. We found that the latency of the response to stimuli at 1.2ϫ MT was identical to the fastest latency observed for stimulation at 2ϫ MT and 1.0 mA (Fig. 11 D) . This suggests that the early responses observed in the BDNF group at all intensities are from large myelinated sensory fibers connecting with the graft and not from small-caliber fibers connecting through alternative circuits. We also observed that, with increased stimuli intensity, the response at longer latencies was also increased as additional sensory axons are recruited with increased stimulation (Fig. 11 D) . We made repeated attempts to expose the graft site at C1 to allow for direct extracellular recording in the graft and to inject glutamatergic antagonists in the graft during DCN recording. However, adhesion between the dura and spinal cord prevented exposure of the graft without damaging the graft. In addition, we found that bath applications of antagonists were impractical because of the proximity of C1 and the DCN as well as C1 and the phrenic motor pool.
Action potentials from fibers entering the DCN as well as postsynaptic cells firing contribute to the extracellular recording responses, and thus we cannot assess whether the responses in the DCN are action potentials recorded from the fibers entering the DCN or the firing of the cells in the DCN. The limited number of neurons showing c-Fos expression after stimulation of the sciatic nerve in BDNF gradient animals suggests that action potentials from graft axons entering the DCN are the major contributor to the responses recorded. At a minimum, the results indicate that the dorsal column axons make functional synapses with the grafted cells and that graft axons projecting to the DCN are capable of conducting action potentials.
Discussion
Neural progenitors can be generated from induced pluripotent stem cells, embryonic stem cells, and fetal tissue (Mujtaba et al., 1999; Cummings et al., 2005) , making replacement of glia and neurons a viable therapeutic approach. Although numerous studies explored the use of glial progenitors (Keirstead et al., 2005; Davies et al., 2006; Bunge, 2008) , neuronal precursors received less attention because of challenges of generating neurons, directing their axons toward intended targets within the injured spinal cord and establishing synaptic connectivity. We have now shown for the first time that graftderived neurons, directed by chemotropic cues, are capable of extending axons through the injured spinal cord, forming synaptic connections with sensory axons at the graft site and host neurons in the brainstem and relaying physiological signals across the injury to the DCN. These findings underscore the advantages of using NRP/GRP grafts and set the stage for restoring functional connectivity with neuronal relays in SCI.
Creating a microenvironment conducive to neuronal differentiation and synapse formation
The rationale for transplanting neural stem cells derived from embryonic stem cells or fetal tissue presumes that cells in a developmental state will retain intrinsic growth properties capable of mediating neural repair. The mature CNS in general and SCI microenvironment in particular present challenges not only for the lack of developmental cues but also the presence of inhibitory cues that promote apoptosis, axon retraction, and scar formation (Nandoe Tewarie et al., 2009 ). However, permissive astrocytes can modify the injury environment (Smith et al., 1986) and promote formation and maintenance of synapses (Schousboe, 2003) . Indeed, our earlier work demonstrated that transplantation of NRP together with GRP produced neurons in the injured spinal cord by creating a microenvironment that promotes neuronal survival and differentiation (Lepore and Fischer, 2005) . We now show NRP/ GRP grafts also support regeneration of sensory axons into the graft and promote formation of functional synapses with NRP-derived neurons. Interestingly, the presence of neurons has been shown to induce supportive features of astrocytes, such as the expression of glutamate transporter GLT-1 (Yang et al., 2009) significant integration (Itoh et al., 1996; White et al., 2010) .
Intrinsic properties of neuronal progenitors support growth and connectivity
The principal obstacles to axonal growth, accurate navigation, and formation of synaptic connections after SCI are thought to result from the inhibitory environment and cell-intrinsic properties of mature CNS neurons (Selzer, 2003) . Indeed, to achieve regeneration and connectivity of sensory neurons in dorsal column lesions, a combination treatment, including conditioning lesion, stromal cell graft, and neurotrophic gradient (Alto et al., 2009) , was used to address both extrinsic and intrinsic mechanisms. In contrast, we have demonstrated previously, in vitro, that NRP-generated neurons extend axons across high concentrations of chondroitin sulfate proteoglycans (See et al., 2010) and, in vivo, that graft-derived axons readily cross the glial scar and grow through the white matter along a BDNF gradient ). In the current study, we focused on the ability of appropriate guidance cues to direct graft axons to a target and support synapse formation with host neurons. Using immuno-EM analysis, we found AP ϩ presynaptic terminals opposed to host neurons with postsynaptic specializations in both the DCN and SN5, demonstrating a surprisingly robust ability for synapse formation. These connections were typically excitatory connections and expressed vesicular glutamate transporters 1 and 2, markers of glutamatergic synapses. We also show evidence of afferent synaptic connections between excitatory host axons and graft neurons in tracing and immuno-EM experiments, underscoring the advantages of combined NRP/GRP grafts. Importantly, almost half of graft neurons expressed c-Fos after sciatic nerve stimulation, demonstrating that their connectivity with sensory axons was robust and active. In contrast, when regenerating dorsal column axons reach the DCN, they fail to form active connections (Alto et al., 2009) .
Neural progenitor grafts relay sensory information to the DCN We describe the neuronal relay at the structural and functional level. Structurally, we have shown host axon regeneration into the graft, synapse formation between sensory axons and graft neurons, graft axon extension, and synapse formation with host neurons in the DCN. We were able to describe the relay in precise anatomical detail because the AP transgene permitted reliable identification of graft-derived neurons and axons, whereas Fluoro-Gold and CT␤ unambiguously labeled host sensory neurons. Functionally, we have shown that the evoked responses in the DCN after sciatic nerve stimulation had increased latency (5.2 ms), consistent with an additional synapse at the graft and propagation by graft axons but not spared, monosynaptic, host connections (Fig. 11C) . When we sampled 32 sites in an injured control (C1 injury only), we found an evoked response at only one site. This response had a latency consistent with intact con- Figure 11 . NRP/GRP grafts relay functional signals to the DCN. A, The peristimulus average response of a representative channel in a gradient animal. The windowed (0.5 ms window) RMS value of the signal is shown as a heavy-weight line. Dashed lines show twice the background power, calculated using the RMS value of the signal strength in the 4 to 1 ms window before the stimulus. Two vertical lines denote the stimulus time and the onset of the response, defined as the time at which the magnitudes of both the signal and signal windowed RMS become larger than twice the background level. B, The average windowed RMS of all channels with 95% confidence bands in control and gradient animals. Response strength is reduced by a factor of ϳ5 in the gradient animals, and the latency increased by ϳ1.2 ms compared with the responses in intact animals. C, Response latency is significantly increased in gradient animal (5.23 Ϯ 0.32 ms) compared with control (3.98 Ϯ 0.63 ms) (Welch's t test, p Ͻ 0.001). D, Average response of 16 channels to increasing stimulus intensity in one gradient animal. Shown is the windowed RMS value of the average peristimulus responses of the 16 channels sampled as stimulus strength is increased from 1.2ϫ motor threshold up to 1 mA. E, Raw single-channel response to paw pinch/stroking of the ipsilateral hindlimb, ipsilateral forelimb, and contralateral hindlimb for one gradient animal. Activity in the dorsal column nuclei increased only for stroking/pinching of the hindlimb ipsilateral to the graft. trols (3.9 ms), indicating that it was from a spared fiber. In contrast, responses in the BDNF group were present at all 48 sites sampled and always demonstrated an increase in latency consistent with a relay. To further eliminate the possible contribution of spared fibers, we validated lesion completeness in all graft animals. To eliminate the possible contribution of alternative host pathways to the DCN, we recorded evoked potentials at low stimulation thresholds (1.2ϫ and 2ϫ MT) that only recruit the largest myelinated dorsal column sensory axons and found no change in latency relative to high threshold (1 mA) (Fig. 11 D) . This finding eliminates the role of small-caliber axons in alternative pathways to the DCN. Finally, we show evoked responses to physiological stimulation (e.g., stroking) of the ipsilateral but not the contralateral hindpaw or ipsilateral forelimb (Fig. 11 E) , demonstrating that the response in the DCN was specific to the sensory modality of dorsal columns axons. Although we could not distinguish the contributions of action potential of fibers entering the DCN from postsynaptic cells firing, the limited number of DCN neurons showing c-Fos expression after stimulation of the sciatic nerve suggests that action potentials from graft axons entering the DCN are the major contributor to the responses recorded. We therefore conclude that dorsal column axons made functional synapses with the grafted cells and that graft axons projecting to the DCN are conducting the signals but lack the synaptic strength to depolarize host neurons. This study underscores the ability of embryonic neurons to extend active axons, with proper structural organization that supports conduction of action potentials to the DCN. In contrast, previous reports that regenerating dorsal column axons fail to produce an electrophysiological response (Alto et al., 2009) , indicating that these axons may lack proper structural organization.
Strategies to improve relay function
Analysis of the components of the relay also suggests strategies that could improve functional connectivity by generating postsynaptic responses in target neurons. They include increasing the number of graft neurons (and thereby, their axons), more efficient guidance of graft axons, better conductance, and improved synaptic efficacy through increased spatial or temporal summation. We estimate that our grafts are composed of 10 -30% neurons, a number that could be increased by enriching the graft for NRP or including BDNF with the graft to improve NRP survival. During CNS development, combinations of attractive and repulsive cues guide axons to specific targets. In the current experiment, a single attractive cue, BDNF, guided most graft axons into the DCN, but we did observe axons in other brainstem regions. Thus, a combination of attractive and repulsive cues may improve navigation to the designated target, increasing the number of axons that reach the target as well as the overall fidelity of the relay.
Although action potentials can be transmitted with limited myelination, remyelination enhances conduction and improves function after SCI (Sasaki et al., 2007) . Because it is unlikely that graft axons in our study were extensively myelinated, myelination of graft axons would improve function of the relay by allowing the fibers to sustain higher firing rate (Krauthamer and Crosheck, 2002) , thereby improving the temporal summation of signals to the DCN. In this respect, the combination of NRP/GRP presents a promising and possibly essential graft composition for any cellreplacement-based repair strategy. Generating actively myelinating oligodendrocytes presents a considerable challenge because the SCI microenvironment promotes astrocyte over oligodendrocyte differentiation (Hill et al., 2004) . Still, specific differentiation protocols can direct GRP to the oligodendrocyte lineage (Rao et al., 1998) , and neurotrophic factors can promote myelination (Cao et al., 2010) . Finally, denervation can alter the accessibility, density, and morphology of postsynaptic sites (Kim et al., 2008; Massey et al., 2008) , and therefore, activity-dependent training or drug treatments may be required to increase synaptic plasticity of target neurons.
In conclusion, we have developed a transplantation strategy using a mixed population of neuronal and glial progenitors that exploits their intrinsic developmental properties to form a functional relay, as progress toward neuronal replacement therapy. Although this strategy requires additional optimization to achieve behavioral recovery, it demonstrates the therapeutic value of neural stem cells for repair of sensory and possibly motor systems.
